Introduction
============

Multiple myeloma (MM) is a clonal malignancy of plasma B cells.^[@bib1]^ Unfortunately, despite its clonal nature, MM displays a high degree of genetic heterogeneity, most likely due to the genetic instability inherent in immunoglobulin rearrangement. Thus, even with the introduction of new classes of chemotherapeutic agents,^[@bib2]^ the disease remains extremely difficult to completely eradicate and virtually all patients eventually succumb to relapse.^[@bib3],[@bib4]^ Novel treatment options capable of producing durable complete remissions or cures are therefore urgently needed.

One such novel treatment is the use of live viruses which preferentially infect and kill malignant cells.^[@bib5]^ This strategy, known as oncolytic virotherapy (OV) is attractive in the setting of MM since the multipronged mechanisms through which oncolytic viruses kill infected cells renders the development of cancer resistance unlikely. Indeed, it has recently been demonstrated that OV using a recombinant measles virus can induce complete remissions even in multiply relapsed MM patients.^[@bib6]^ Unfortunately, while this trial demonstrates that OV has tremendous promise for relapsed MM patients, application of the particular oncolytic measles virus tested is heavily restricted due to the high sero-prevalence of antimeasles immunoglobulin. In order to overcome this obstacle, our lab had previously investigated the antiMM potential of a nonhuman oncolytic agent, known as myxoma virus (MYXV),^[@bib5],[@bib7],[@bib8]^ whose natural tropism is tightly restricted to lagomorphs (rabbits).^[@bib9],[@bib10]^ This work demonstrated that, despite its nonhuman tropism, MYXV infection efficiently killed human MM cells by inducing a rapid apoptotic response.^[@bib7],[@bib8]^ This response was not observed in normal hematopoietic cells allowing *ex vivo* treatment with MYXV to prevent MM relapse in the context of autologous stem cell transplant (auto-SCT).^[@bib7]^ Unfortunately, while reinfusion of malignant cells is thought to play some role in MM recurrence following auto-SCT,^[@bib11],[@bib12]^ the primary cause of relapse in most patients is likely expansion of minimal residual disease (MRD) which escapes chemotherapeutic eradication within protected bone marrow (BM) niches.^[@bib13],[@bib14]^ Therefore we, set out to investigate the therapeutic potential of MYXV against MRD which was already established *in vivo*.

Results
=======

Murine MOPC-315 cells accurately recapitulate the response of human MM cells to MYXV treatment
----------------------------------------------------------------------------------------------

The efficacy of OV is mediated both by direct viral lysis as well as the induction of secondary antitumor immunotherapy.^[@bib15]^ Complete analysis of oncolytic potential therefore requires experiments to be conducted in immune competent tumor models which accurately mimic the responses of human disease. To facilitate studies into how MYXV treatment impacts MRD, we therefore sought to identify a murine MM cell which recapitulated the previously described response of human MM to MYXV treatment.^[@bib7],[@bib8]^ Four established murine MM cell lines: P3.6.2.8.1, MOPC-31C, MOPC-315, and MOPC-315.BM were either mock treated or infected with vMYX-GFP. The rate of infection ([Figure 1a](#fig1){ref-type="fig"}) and lytic potential ([Figure 1b](#fig1){ref-type="fig"}) of MYXV in each cell line was then compared with that seen in the human U266 MM cell line using flowcytometry and MTT assay. Consistent with our previous results,^[@bib7],[@bib8]^ virtually all human U266 cells (95.0%) displayed evidence of GFP expression 6 hours after infection and this infection resulted in a significant loss of cellular viability (55% remaining viability) by 24 hours. In the murine MM lines, both MOPC-315 and P3.6.2.8.1 cells displayed rates of infection similar to that observed in U266 cells (MOPC-315 = 93.8%, P3.6.2.8.1 = 99.0%). However, in P3.6.2.8.1 cells, this infection resulted in a significantly higher reduction in cellular viability then was typically observed in U266 cells (24% versus 55%, *P* = 0.03). In contrast, the reduction in viability observed in MOPC-315 cells was statistically identical to that seen in U266 cells (45% versus 55%). Infection of either MOPC-31C or MOPC-315. BM cells resulted in only limited infection and reduction in cellular viability. These results suggested that the MOPC-315 cell line might display susceptibility to MYXV treatment similar to human myeloma *in vivo*.

We have previously demonstrated that MYXV-mediated killing of both primary and established human MM cells is independent of viral replication and occurs through the rapid induction of a lethal apoptotic response.^[@bib7],[@bib8]^ To further determine whether MOPC-315 cells accurately recapitulated the response of human MM to MYXV treatment, we therefore compared both MYXV replication as well as the induction of lethal apoptosis in these cells to that observed in human U266 MM cells. To assay viral replication, we performed a single step growth curve to determine the numbers of new infectious MYXV progeny created in either U266 or MOPC-315 cells. The numbers of progeny virus produced in each MM cell line was then compared with the numbers of progeny virus produced in previously reported "permissive" cell lines such as A549, BSC40, LLC, or RL5. Consistent with previous reports,^[@bib7]^ MYXV infection produced only a limited number of new infectious progeny following infection of human U266 cells ([Figure 2a](#fig2){ref-type="fig"}). Slightly higher numbers of infectious progeny were observed following infection of MOPC-315 cells; however, the numbers of these progeny were still 50--100 fold less what was observed in the other permissive cell lines suggesting that viral replication in MOPC-315 cells was possible but highly inefficient. To further assay whether viral infection resulted in a lethal apoptotic response, we next compared the initiation and progression of apoptosis in infected MOPC-315 cells to that observed in human U266 cells. The results indicated that, 2 hours after viral treatment both U266 cultures and MOPC-315 cultures displayed increased numbers of early apoptotic cells (as measured by AnnexinV/Propidium Iodide staining) ([Figure 2b](#fig2){ref-type="fig"}) and that magnitude of this increase was similar in both cell lines. Additionally, western blot analysis demonstrated that viral treatment of either MOPC-315 or U266 cells induced cleavage of both caspase-3 and PARP in both cell lines with similar kinetics ([Figure 2c](#fig2){ref-type="fig"}). Importantly, inhibition of viral replication, through the addition of cytarabine, did not prevent MYXV from inducing a loss of cellular viability in either MOPC-315 or U266 cells suggesting that the primary mechanism responsible for killing both cells was independent of viral replication ([Figure 2d](#fig2){ref-type="fig"}). Taken together, these data suggest that murine MOPC-315 MM cells are killed by MYXV-treatment with a similar efficacy and through a similar mechanism as is seen in human primary MM cells and therefore represent an appropriate model for analysis of treatment of MRD *in vivo*.

Systemic MYXV treatment can cure established MRD
------------------------------------------------

Having identified a murine MM cell line which appeared to accurately mimic the response of human MM to MYXV infection, next we asked whether viral treatment could be used to treat MRD already established *in vivo*. Syngeneic Balb/C mice were sublethally irradiated (450 cGy) and then injected intravenously (i.v.) with 5 × 10^6^ MOPC-315 cells. Disease was allowed to establish until the mice began to show symptoms of hind limb paralysis (typically around 21 days postinjection) to model patients presenting with systemically disseminated, and symptomatic MM. Mice were then randomly separated into two cohorts and treated with three sequential i.v. injections of either saline or 1 × 10^8^ foci forming units (FFU) of MYXV over a 5-day period. To determine the acute effects of viral treatment on MRD, animals were killed 24 hours after the final treatment and tumor burden was directly measured using flowcytometry.^[@bib16]^ The results indicated that, in saline treated animals (*n* = 10), CD138^hi^/CD4^+^ MOPC-315 cells made up \~18% of the viable cells in the BM ([Figure 3a](#fig3){ref-type="fig"}). In contrast, all mice treated with MYXV (*n* = 12) displayed a significantly reduced number of MOPC-315 cells in their BM (6.4%, *P* \< 0.0001) indicating that viral treatment could acutely debulk MRD *in vivo*. To further determine whether viral treatment would provide any significant survival benefit, Balb/C mice were seeded with MOPC-315 cells and treated as above. Animals were then monitored for signs of worsening clinical MM and killed when they displayed complete paralysis of both hind limbs. The results indicated that 100% of saline treated animals (*n* = 33) displayed symptoms of worsening MM which required euthanasia by day 67 postinjection ([Figure 3b](#fig3){ref-type="fig"}). In contrast, animals treated with MYXV (*n* = 39) displayed significantly improved overall survival (*P* = 0.001) which presented in two distinct forms. The first form, which presented as a modest (\~6 day) delay in disease progression, provided only minimal survival benefit but occurred in a high percentage of animals (26 out of 39, 66%). In contrast, the second form, which presented as an apparent eradication of disease with no remaining symptoms at 80 days posttransplant, provided a much more significant survival benefit but occurred in only 25% of animals (10 out of 39). Taken together, these data indicate that systemic MYXV therapy can acutely debulk MRD *in vivo* and induce complete clinical regression in some animals.

MYXV treatment does not functionally compromise the BM niche
------------------------------------------------------------

*In vivo*, MM cells reside within protected BM niches and disruption of these niches can reduce tumor burden and slow disease progression.^[@bib17; @bib18; @bib19]^ While MYXV is unable to replicate in normal human or mouse tissues, flooding the blood stream with billions of viral particles might significantly affect cells contiguous with the vasculature, such as the cells which make up the BM niche. Therefore, we wished to determine whether i.v. injection of MYXV might impact the course of established MM by altering either the make-up or functionality of the BM niche *in vivo*. To address this, nonirradiated, tumor-free, Balb/C mice were given three i.v. injections of either saline (*n* = 10) or 1 × 10^8^ FFU of vMYX-GFP (*n* = 10) over a 5-day period. Twenty-four hours after the final injection, BM was harvested and the numbers, composition, and infection of viable cells were analyzed. The results indicated that mice injected with either saline or MYXV displayed identical numbers of viable cells in their BM (1.08 × 10^8^ versus 7.58 × 10^7^, *P* = 0.96) ([Figure 4a](#fig4){ref-type="fig"}). Additionally, BM from both groups of mice displayed similar FFS/SSC profiles and no GFP^+^ cells could be identified in virally inoculated mice ([Figure 4b](#fig4){ref-type="fig"}) suggesting that viral injection did not grossly alter the make-up of the murine BM. To determine whether injection of MYXV might compromise the functionality of the BM niche, we next asked whether i.v. injection of MYXV would impair engraftment of normal hematopoietic stem cells. Balb/C mice were lethally irradiated (700 cGy) and then rescued using i.v. injection of 5 × 10^6^ total BM cells from non-irradiated syngeneic animals. A limited number of lethally irradiated animals which were not given BM transplant (*n* = 2) were included as controls. The following day, rescued animals were randomly separated into two cohorts and given three sequential i.v. injections of either saline (*n* = 10) or 1 × 10^8^ FFU of MYXV (*n* = 12) on days 1, 3, and 5 post-transplant. Functional engraftment of hematopoietic stem cells to the BM niche was then determined by analyzing recovery of body weight after lethal irradiation with animals being killed if they fell below 75% of their pretreatment weight. The results indicated that BM transplanted mice displayed initial weight loss followed by rapid weight recovery with animals in both cohorts reaching their full starting weight by day 20 ([Figure 4c](#fig4){ref-type="fig"}). No statistical differences in either initial weight loss or subsequent recovery between the saline and MYXV treated cohorts were observed at any time and all transplanted animals in both groups survived \>40 days ([Figure 4d](#fig4){ref-type="fig"}). In contrast, lethally irradiated animals which were not given BM transplant displayed rapid, secondary weight loss beginning around day 17 and requiring euthanasia by day 21.

MYXV treatment requires direct contact of viral particles with residual MM cells
--------------------------------------------------------------------------------

To further determine whether systemic MYXV injection debulked established MRD through a direct interaction with malignant cells or by altering the functionality of the tumor microenvironment, next we sought to identify a murine MM cell line which was immune to MYXV treatment due to a defect in viral absorption. Permissive MOPC-315 cells or nonpermissive MOPC-31C or MOPC-315.BM cells were incubated with MYXV virions chemically labeled with Cy5. Binding of MYXV virions to the cell surface was then analyzed immediately after viral adsorption. The results indicated that high levels of Cy5 fluorescence could be seen on virtually all (96%) control MOPC-315 cells, indicating that Cy5 labeling did not compromise binding of MYXV to the cell surface. In contrast, virtually no Cy5^+^ cells (3.6%) could be observed following incubation of labeled virus with MOPC-315.BM cells ([Figure 5a](#fig5){ref-type="fig"}). MOPC-31C cells displayed an intermediate phenotype in which viral binding was possible but inefficient (our unpublished observations). To further confirm that MOPC-315.BM cells inability to bind virus was maintained *in vivo*, we next asked whether virus could bind to these cells following their establishment into the BM. Balb/C mice were sublethally irradiated (450 cGy) and then injected i.v. with either 5 × 10^6^ MOPC-315 cells or 1 × 10^6^ MOPC-315.BM cells. Twenty days after tumor implantation, mice were killed and BM extracted. The ability of Cy5 labeled MYXV to bind to the surface of CD138^hi^ engrafted MM cells was then analyzed. The results indicated that, while CD138^hi^ cells in MOPC-315 engrafted mice displayed high levels of Cy5 fluorescence after *ex vivo* viral adsorption, this fluorescent shift was not seen on CD138^hi^ cells from MOPC-315.BM engrafted mice ([Figure 5b](#fig5){ref-type="fig"}) indicating that the inability of these cells to support MYXV binding was maintained *in vivo*. Consistent with previous reports,^[@bib20],[@bib21]^ a significant fluorescent shift was also observed on CD138^lo^ normal plasma cells indicating that the virus is also capable of binding certain nonmalignant B cell populations. To determine whether MYXV treatment might impact MM engraftment indirectly, we next asked whether viral injection would have any impact on MRD established with binding deficient MOPC-315.BM cells. Balb/C mice were sublethally irradiated (450 cGy) and then injected i.v. with 1 × 10^6^ MOPC-315.BM cells. Disease was allowed to establish until the mice began to show symptoms of hind limb paralysis (typically around 18--20 days postinjection) and then treated with three sequential i.v. injections of either saline or 1 × 10^8^ FFU of MYXV over a 5-day period. Separate experiments were conducted to analyze both the acute effects of viral treatment on residual disease burden as well as whether viral treatment provided any significant survival benefit. In contrast to our previous observations ([Figure 3](#fig3){ref-type="fig"}), the results indicated that both saline (*n* = 7) and MYXV (*n* = 8) treated mice bearing MOPC-315.BM MRD displayed identical levels of tumor burden (0.49% versus 0.38%, *P* = 0.71) 24 hours after the final treatment ([Figure 5c](#fig5){ref-type="fig"}). Additionally, viral treatment failed to provide any significant survival benefit and all mice in both saline and MYXV-treated cohorts succumb to hind-limb paralysis by day 50 post-transplant ([Figure 5d](#fig5){ref-type="fig"}). Taken together, these data suggest that MYXV requires direct contact with MRD to impact the course of MM disease *in vivo*.

MYXV eliminates residual MM by inducing antitumor CD8+ T cell responses
-----------------------------------------------------------------------

Our previous findings indicated that MYXV eliminated MRD through direct binding of virions to malignant cells ([Figure 5](#fig5){ref-type="fig"}). MRD, however, was still readily observable in all animals following the completion of viral treatment ([Figure 3a](#fig3){ref-type="fig"}). Since MYXV replication is highly inefficient in MM cells ([Figure 2](#fig2){ref-type="fig"} and refs. [@bib8],[@bib9]) it seemed unlikely that the complete elimination of MRD observed in 25% of our mice could be caused by newly generated progeny virus. Therefore, we hypothesized that eradication of MRD in mice displaying a complete response might be mediated through virally induced antitumor immunity. To test this, we asked whether MYXV treatment increased the abundance or functionality of anti-MM T cells. Balb/C mice were sublethally irradiated and then injected i.v. with either 5 × 10^6^ MOPC-315 or 1 × 10^6^ MOPC-315.BM cells. Three weeks after injection of tumor cells, mice were treated with three injections of either saline or 1 × 10^8^ FFU of MYXV over a 5-day period. Animals were killed 24 hours after the final viral treatment and the numbers of both CD4^+^ and CD8^+^ T cells in the BM were analyzed using flowcytometry. The results indicated that MYXV treated mice bearing MOPC-315 tumors had significantly (*P* \< 0.0001) increased numbers of CD8^+^ T cells within the BM compared with untreated saline treated animals ([Figure 6a](#fig6){ref-type="fig"}). This increase was not observed in MYXV-treated mice bearing MOPC-315.BM tumors suggesting it was dependent on a viral interaction with MRD. To confirm that the CD8^+^ T cells induced by MYXV treatment were tumor reactive, we further analyzed their ability to secrete IFNγ following *ex vivo* stimulation. Spleens from the previously treated mice, as well as tuor-naive controls were stimulated overnight with either saline, uninfected MOPC-315 cells, or free MYXV virions. The following day, secretion of IFNγ was measured using enzyme-linked immunosorbent assay (ELISA). The results indicated that splenocytes from either tumor-naive or saline-treated MOPC-315 bearing mice secreted virtually no IFNγ without stimulation ([Figure 6b](#fig6){ref-type="fig"}). Low levels of IFNγ was secreted from these cells following stimulation with MOPC-315 cells suggesting a small antitumor immune response might be present in these animals even in the absence of viral treatment. In contrast, splenocytes from MOPC-315 bearing animals treated with MYXV secreted significantly increased amounts of IFNγ following simulation with either MOPC-315 cells or free MYXV virions suggesting that viral treatment induced both antiviral and antitumor immune responses. To confirm that the eradication of MRD observed in our previous experiments was caused by the antitumor T cell responses, next we asked whether MYXV-treatment was effective against residual MM in the absence of an adaptive immune system. About 5 × 10^6^ MOPC-315 cells were injected i.v. into highly immune deficient NOD/Scid/IL2Rγ^−/−^ (NSG) mice. Ten days after injection animals were given three i.v. injections of either saline (*n* = 10) or 1 × 10^8^ FFU of MYXV (*n* = 10) over a 5-day period. Separate experiments were conducted to analyze both the acute effects of viral treatment on residual disease burden as well as whether viral treatment provided any significant survival benefit. Consistent with our results in immune replete animals, tumor bearing mice injected with MYXV displayed significantly reduced tumor burden (6.4% versus 0.2%, *P* = 0.0003) 24 hours after the final injection compared with saline treated mice ([Figure 6c](#fig6){ref-type="fig"}). Also consistent with our results in immune replete animals, a high percentage (90%, 9/10) of MYXV-treated animals (*n* = 14) displayed a statistically significant (*P* = 0.008) but relatively minor (\~3 days) increase in time to euthanasia compared with saline treated animals (*n* = 10) ([Figure 6d](#fig6){ref-type="fig"}). In striking contrast to our previous findings, however, MYXV-treatment in NSG mice failed to eradicate MRD in any mice and all virally treated animals rapidly developed hind-limb paralysis requiring euthanasia by day 18.

Discussion
==========

Our data demonstrates that systemic treatment with oncolytic MYXV can effectively treat established residual MM *in vivo*. Interestingly, our results appear to uncover two distinct benefits associated with MYXV treatment. The first benefit is the acute elimination of the majority of residual MM cells from the BM. This benefit was seen rapidly after treatment (within 72 hours after initiation of treatment) was not dependent on the presence of an adaptive immune system ([Figure 6](#fig6){ref-type="fig"}) and was observed in virtually all treated animals ([Figures 3](#fig3){ref-type="fig"} and [6](#fig6){ref-type="fig"}) suggesting it likely represents direct oncolytic killing of residual MM cells. Unfortunately, while this effect was readily observable and extremely rapid, it resulted in only minimal clinical benefit (3--8 days increased survival in our models). This unimpressive survival benefit is most likely due to the poorly-replicative nature of MYXV in MM cells ([Figure 2](#fig2){ref-type="fig"} and refs. [@bib8],[@bib9]) which severely restricts the potential expansion of the therapeutic agent *in vivo*. Never-the-less, the ability of viral treatment to rapidly eliminate a high-percentage of residual MM could have significant therapeutic benefits when combined with other treatment regimes.

In contrast to the benefits associated with direct viral killing of MRD cells, the second benefit associated with MYXV treatment occurred in a much smaller percentage of animals (10/39); however, it resulted in apparent eradication of clinical disease suggesting it might have more significant clinical impact. This result was observed only during treatment of immune competent animals and likely represents the viral induction of antitumor CD8^+^ T cell responses. Interestingly, the low response rate for this immune therapy suggests a rate limiting step exists between viral treatment and effective viro-immunotherapy. This rate limiting step did not appear to be killing of residual MM as debulking of acute disease was observed in 100% of treated animals. Similarly, increased numbers of CD8^+^ T cells in the BM was also observed in all treated animals suggesting that initiation of a T cell response was not limiting. In contrast, while stimulation with MM cells induced IFNγ secretion from splenic T cells of all MYXV treated animals, the levels of this secretion were significantly higher in \~25% (3/12) of animals suggesting a possible inhibition of anti-MM T cell function. This inhibition did not appear to be mediated by the PD1/PDL1 checkpoint axis since cotreatment of MOPC-bearing mice with both MYXV and anti-PD1 blocking antibody failed to significantly increase the response rate of viral treatment (our unpublished observations). Investigation of other potential immune-regulatory pathways, such as T~regs~ or other T cell checkpoints is therefore required.

Importantly, both the direct and immune-based benefits of viral treatment appeared to require direct binding of MYXV to residual MM *in vivo* ([Figure 5](#fig5){ref-type="fig"}). Similarly, systemic injection of large quantities of MYXV did not have any apparent deleterious effects on the make-up of the BM niche and did not prevent functional engraftment of normal hematopoietic stem cells ([Figure 4](#fig4){ref-type="fig"}). This is likely due to the failure of MYXV to bind to nonmalignant hematopoietic cells^[@bib7],[@bib20; @bib21; @bib22]^ as well as the inability of the virus to productively infect normal murine tissues.^[@bib23],[@bib24]^ These results are critical for several reasons. First, MYXV treatment has been proposed as a novel method to eliminate contaminating MM cells from auto-SCT samples prior to transplant.^[@bib7]^ Previous work had demonstrated that MYXV did not alter engraftment of human hematopoietic stem cells into NSG mice due to an inability of the virus to adhere to these cells.^[@bib7],[@bib20],[@bib25]^ However, this work had not addressed whether systemically injected virus might have any deleterious effects on the BM niche itself. Our data clearly indicates that systemic injection of MYXV does significantly alter the BM make-up and does not impair reconstitution of a functional hematopoietic system following lethal irradiation. This conclusion is supported by our observation that viral treatment does not significantly impact residual MRD in the absence of a direct interaction with the malignant cells. Our work therefore supports the use of MYXV, either as a systemic injection or as an *ex vivo* treatment of auto-SCT samples, during SCT rescue therapy. Second, immunotherapy strategies are often associated with high rates of auto-immune like complications. While MYXV is unable to infect the majority of normal human hematopoietic cells, one exception to this rule is CD19^+^ B cells.^[@bib21]^ Thus, one possible explanation for our results was that virally induced anti-MM immune responses were actually generated through killing of normal resident B cells, a mechanism which would likely also produce autoimmune like toxicities. Interestingly, while our data indicates that MYXV is able to bind CD138^lo^ normal plasma cells *in vivo* ([Figure 5b](#fig5){ref-type="fig"}) the induction of anti-MM immune responses requires direct interaction of MYXV with CD138^hi^ malignant MM cells. This suggests that either the responses of normal plasma cells and MM cells to MYXV infection are fundamentally different or that clinically significant antigenic differences exist between the two cell populations which precludes the generation of a cross reactive T cell response. Either way, these data indicate that viral treatment is likely to generate highly tumor specific immune responses thus limiting potential autoimmune toxicities.

While the complete response rate to MYXV therapy observed in our experiments is relatively low, previous studies have suggested that MYXV is an effective oncolytic against the vast majority of primary human myeloma.^[@bib7],[@bib8],[@bib26]^ This is likely due to the unique, virus specific mechanism through which MYXV kills infected MM cells^[@bib8]^ and suggests that MYXV-treatment might be effective for patients who are undergoing relapse after failing previous therapies. Interestingly, our results with the MOPC-315.BM cell line indicate that it is possible for MM cells to become resistant to MYXV treatment through a loss of viral binding capacity. This could impact viral therapy in two ways. First, patients could initially present with a form of MM which was incapable of supporting MYXV binding. While this has not been observed in patient samples tested to date, such patients would likely not be amendable to MYXV therapy suggesting that prescreening myeloma samples for viral binding to CD138^hi^ cells prior to the initiation of treatment might be warranted. Importantly, such screening could be readily accomplished using existing tools and methods and therefore should not present a significant barrier to clinical translation. Second, the high heterogeneity of primary MM suggests that small populations of resistant malignant cells might exist in otherwise MYXV-susceptible patients. Such cells would likely play some role in disease recurrence; however, our data indicates that direct killing of only 75% of MRD is capable to causing complete disease regression in some animals ([Figure 3a](#fig3){ref-type="fig"},[b](#fig3){ref-type="fig"}). Therefore, the potential existence or development of small numbers of resistant MM clones within a patient would not appear to prevent the use of MYXV as a potential therapeutic.

Other oncolytic viruses have also recently been shown to be effective against MM. Compared with these viruses MYXV provides a variety of translational advantages. In particular, compared with other oncolytic viruses, MYXV processes an excellent safety profile, particularly for use in patients with potential immune dysfunction. The virus is not genetically modified, replicates exclusively in the cytoplasm, and fails to cause even mild disease in any known species except rabbits. This suggests that viral treatment could be conducted as a simple outpatient procedure with limited monitoring of viral shedding or transfers to other patients. Additionally, the virus is easy to engineer suggesting that future modifications to improve efficacy are feasible. Additional research to identify potential modifications, however, is obviously required. Unfortunately, in addition to its advantages, the translation of MYXV also presents several novel challenges, in particular the production of clinical grade virus. Unlike many other oncolytic agents, MYXV has never been used in humans as either a therapeutic or a vaccine; therefore no protocols exist for the production of GMP grade viral stocks. Similarly, while MYXV replicates to high titers *in vitro* in a variety of cells, only small amounts of virus are actually secreted requiring that virus be purified away from contaminating cell debris. Future translation of our findings therefore hinges of the development of better methods to generate high titer, high purify stocks of MYXV for use in patients.

Given that our therapy generates significant clinical benefits in a small percentage of treated animals, our results are somewhat similar to systemic oncolytic therapy with recombinant measles virus, which has recently been shown to be capable to inducing complete remissions in human patients who have relapsed from several previous therapies.^[@bib6]^ However, while measles therapy has been highly effective for a limited number of late-stage patients, treatment appears to be mediated primarily by the direct oncolytic capacity of the measles virus which requires robust viral replication and spread. This limits effective treatment with this agent to highly immune suppressed individuals, those who are seronegative for antimeasles reactive immunoglobulin at the time of treatment. In contrast, therapy with MYXV actively relies on a functional, adaptive immune response and all patients should present as seronegative for antiviral immunoglobulin. Therefore, MYXV might represent an attractive treatment option for late-stage, or multiply relapsed patients who are not eligible for other oncolytic platforms.

Materials and Methods
=====================

Cell lines and reagents.
------------------------

The MOPC-315 (TIB-23), MOPC-31C (CCL-130), P3.6.2.8.1 (TIB-8), U266 (TIB-196), and BSC40 (CRL-2761) cells were obtained from the American Type Culture Collection (Manassas, VA). MOPC-315.BM^[@bib27]^ cells were a kind gift from Bjarne Bogen at the University of Oslo. MM cells were cultured between 0.2--0.8 × 10^6^ cells/ml in Roswell Park Memorial Institute (RPMI)-1640 media supplemented with 20% fetal bovine serum (FBS) and 1× Penicillin/Streptomycin/Glutamine (Mediatech, Manassas, VA). IFNγ secretion was measured using the murine IFNγ ELISA kit (Cat\# 551866, BD Biosciences, Franklin Lakes, NJ) per manufacturer's recommendations. Cell viability was performed by CellTiter 96 Non-Radioactive Cell Proliferation Assay (MTT) assay (Promega, Madison, WI) per manufacturer's recommendations. The following antibodies were used: αCD3 (clone 145-2c11), αCD4 (clone RM4-5), αCD8 (clone 53--6.7), αCD138 (clone 281--2), and Annexin-V (Cat\# 550474) (BD Biosciences); αPARP (9542), αCasp3 (9662) (Cell Signaling Technology, Beverly, MA); αActin (sc1615) (Santa Cruz Biotechnology, Dallas, TX).

Virus purification and infection.
---------------------------------

Parental MYXV (strain Lausanne) as well as vMYX-GFP^[@bib28]^ were kind gifts from Grant McFadden at the University of Florida. Virus was amplified in BSC40 cells as previously described.^[@bib29]^ Briefly, BSC40 cells were infected with virus and harvested after 72 hours. Cells were then mechanically lysed, and the resulting supernatant clarified through a 36% sucrose pad. Pellets were then further purified through discontinuous (40/36/32/28/24) percent sucrose gradient and viral virions extracted from the 40%/36% interface. Unless otherwise noted, experiments were carried out by infecting cells for 60 minutes at a multiplicity of infection (MOI) = 10. Fluorescently tagged MYXV virions (MYXV-Cy5) were created by incubating 1 × 10^9^ purified MYXV particles with 50 μg NHS-Cy5 (GE Healthcare, Pittsburgh, PA) for 30 minutes at room temperature and then removing unbound NHS-Cy5 by purifying labelled virions through two 36% sucrose cushions.

*In vivo* models of MM.
-----------------------

A 6--8 week old, female Balb/C mice (Charles River Laboratories, Raleigh, NC) were irradiated using 450 cGy in an Xray-source irradiator. Twenty-four hours after irradiation, animals were injected i.v. with either 5 × 10^6^ MOPC-315 cells or 1 × 10^6^ MOPC-315.BM cells through the lateral tail vein. Viral treatments were initiated when the first animal displayed evidence of disease and consisted of three i.v. injections (every other day for 5 days) of 1 × 10^8^ FFU of MYXV. MRD (tumor burden) was measured postmortem by harvesting cells from both the left and right hind femurs, and quantitating the percentage of single, viable cells which stained both CD138^hi^ and CD4^+^ using flow cytometry.^[@bib7],[@bib27]^ Disease progression was monitored by visually assessing hind-limb function and euthanizing animals when they displayed complete paralysis in both hind-limbs. All animal experiments were reviewed and approved by the Medical University of South Carolina IACUC.
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![MYXV infects murine MM cell lines. The indicated cell lines were mock infected or infected with vMYX-GFP at an MOI = 10. (**a**) Six hours postinfection, the number of GFP expressing cells was determined using flow cytometry. (**b**) Twenty-four hours postinfection, the effects of viral treatment on cellular viability was determined using MTT assay. Significance was determined using student's *t*-test (\**P* \< 0.05, \*\*\**P* \< 0.0001). GFP, green fluorescent protein; MM, multiple myeloma; MYXV, myxoma virus; MOI, multiplicity of infection.](mto201632-f1){#fig1}

![MYXV induces apoptosis in MOPC-315 cells (**a**) The indicated cell lines were infected with MYXV at an MOI = 5. At various times postinfection, cells were harvested and the numbers of new infectious progeny were determined using foci forming assays. Data is displayed as the fold increase in progeny over that observed at 6 hours postinfection. MOPC-315 cells were mock-infected or infected with MYXV at an MOI = 10. (**b**) Six hours postinfection, cells were stained with annexinV (AnV) and propidium iodide (PI). (**c**) At the indicated times postinfection, cells were harvested and the cleavage of the indicated apoptotic proteins was analyzed using western blot. (**d**) MOPC-315 cells or U266 cells were mock-infected or infected with MYXV at an MOI = 10 in either the presence of absence of cytarabine (AraC). Cellular viability was then determined 24 hours after infection using MTT assay. Significance was determined using student's *t*-test (\*\*\**P* \< 0.0001). MM, multiple myeloma; MYXV, myxoma virus; MOI, multiplicity of infection.](mto201632-f2){#fig2}

![MYXV treatment can eradicate established MRD *in vivo*. Balb/C mice were sublethally irradiated (450 cGy) and then injected i.v. with 5 × 10^6^ MOPC-315 cells. Disease was allowed to establish and then animals were given three i.v. injections of either saline or 1 × 10^8^ FFU of MYXV over 5 days. (**a**) Twenty-four hours after the last treatment tumor burden in the BM of either saline (*n* = 10) or MYXV treated (*n* = 12) animals was determined using flowcytometry. Significance was determined using student's *t*-test (\*\*\**P* \< 0.0001). (**b**) Saline (*n* = 33) or MYXV treated (*n* = 39) animals were monitored for disease progression and killed when they displayed complete paralysis of both hind-limbs. Significance was determined using log-rank test. BM, bone marrow; MRD, minimal residual disease; MYXV, myxoma virus; FFU, foci forming units.](mto201632-f3){#fig3}

![MYXV injection does not inhibit the functionality of the BM niche. Balb/C mice were given three injections of either saline (*n* = 10) or 1 × 10^8^ FFU of vMYX-GFP (*n* = 10) over 5 days. Twenty-four hours after the final infection, animals were killed and the (**a**) numbers of cells in the BM of each mouse was determined using a hemocytometer while the (**b**) infection of these cells was determined using flowcytometry. Significance was determined using student's *t*-test. Balb/C mice were lethally irradiated (700 cGy) and then injected with either saline (*n* = 2) or 5 × 10^6^ syngeneic BM cells form a nonirradiated Balb/C donor. Transplanted animals were then separated into two groups and given three injections of either saline (*n* = 10) or 1 × 10^8^ FFU of MYXV (*n* = 12) over 5 days. (**c**) Body weight was monitored twice weekly and (**d**) animals were killed when they dropped below 75% of their starting weight. Significance was determined using student's *t*-test at each time point. BM, bone marrow; GFP, green fluorescent protein; FFU, foci forming units; MYXV, myxoma virus.](mto201632-f4){#fig4}

![MYXV treatment is dependent on direct contact with MRD. (**a**) MOPC-315 or MOPC-315.BM cells were incubated with Cy5 labeled MYXV virions. Binding of virus to the cell surface was then determined using flowcytometry. (**b**) Balb/C mice were sublethally irradiated (450 cGy) and then injected i.v. with 5 × 10^6^ MOPC-315 or 1 × 10^6^ MOPC-315.BM cells 20 days after tumor injection, BM was harvested and binding of Cy5 labeled MYXV virions to the surface of CD138^hi^ MM cells was analyzed using flowcytometry. Balb/C mice were sublethally irradiated (450 cGy) and then injected i.v. with 1 × 10^6^ MOPC-315.BM cells. Disease was allowed to establish and then animals were given three i.v. injections of either saline or 1 × 10^8^ FFU of MYXV over 5 days. (**c**) Twenty-four hours after the last treatment tumor burden in the BM of either saline (*n* = 7) or MYXV treated (*n* = 8) animals was determined using flowcytometry. Significance was determined using student's *t*-test (\*\*\**P* \< 0.0001). (**d**) Saline (*n* = 11) or MYXV treated (*n* = 14) animals were monitored for disease progression and killed when they displayed complete paralysis of both hind-limbs. Significance was determined using log-rank test. BM, bone marrow; FFU, foci forming units; MYXV, myxoma virus; MM, multiple myeloma; MRD, minimal residual disease.](mto201632-f5){#fig5}

![MYXV treatment induces anti-MM T cell responses. Balb/C mice were sublethally irradiated (450 cGy) and then injected i.v. with saline (naive), 5 × 10^6^ MOPC-315 or 1 × 10^6^ MOPC-315.BM cells. Disease was allowed to establish and then animals were given three i.v. injections of either saline or 1 × 10^8^ FFU of MYXV over 5 days. (**a**) Twenty-four hours after the last injection, the numbers of various T cell subsets in the BM was determined using flowcytometry. Significance was determined using student's *t*-test (\*\*\**P* \< 0.0001). (**b**) Splenocytes from naive or MOPC-315 bearing mice above were stimulated as indicated for 24 hours and secretion of IFNγ analyzed using ELISA. Significance was determined using student's *t*-test (\*\*\* *P* \< 0.0001). Nonirradiated NSG mice were injected i.v. with 5 × 10^6^ MOPC-315 cells and disease allowed to establish. Animals were then given three i.v. injections of either saline (*n* = 10) or 1 × 10^8^ FFU of MYXV (*n* = 10) over 5 days. (**c**) Animals were killed and tumor burden in the BM was determined using flowcytometry. Significance was determined using student's *t*-test (\*\*\**P* \< 0.0001). (**d**) Animals were monitored for disease progression and killed when they displayed complete paralysis of both hind-limbs. Significance was determined using log-rank test. BM, bone marrow; ELISA, enzyme-linked immunosorbent assay; FFU, foci forming units; IFNγ, interferon γ; MYXV, myxoma virus; MM, multiple myeloma; MRD, minimal residual disease.](mto201632-f6){#fig6}
